Hazard ratio estimates of the effect of nutritional adequacy on 6-mo mortality rates in > 8 d stayers (n = 475, deaths = 173). A hazard ratio > 1 indicates increased risk of morality (reduced survival).
Objective: To examine the association between short-term nutritional adequacy received while in the ICU and long-term outcomes including 6-month survival and health-related quality of life in critically ill patients requiring prolonged mechanical ventilation. Design: Retrospective analysis of data prospectively collected in the context of a multicenter randomized controlled trial. Setting: An international sample of ICUs. Patients: Adult patients who were mechanically ventilated for more than 8 days in the ICU. Interventions: None. Measurements and Main Results: Nutritional adequacy was obtained from the average proportion of prescribed calories received over the amount prescribed during the first 8 days. Survival status and health-related quality of life as assessed using the Short-Form 36 v2 were obtained at 3-and 6 months post ICU admission. Of the 1,223 patients enrolled in the randomized controlled trial, 475 met the inclusion criteria for this study. At 6-month follow-up, 302 of the 475 patients (64%) were alive. Survival time in those who received low nutritional adequacy was significantly shorter than those who received high nutritional adequacy while adjusting for important covariates (adjusted hazard ratio, 1.7; 95% CI, 1.1-2.6). At 3-month follow-up, a 25% increase in nutritional adequacy was associated with improvements in Physical Functioning and Role Physical of 7.3 (p = 0.02) and 8.3 (p = 0.004) points, respectively. At 6-month follow-up, adjusted increases in Physical Functioning and Role Physical scores for every 25% increase in nutrition adequacy became smaller and were no longer statistically significant (adjusted estimate for Physical Functioning = 4.2, p = 0.14; for Role Physical = 3.2, p = 0.25). Conclusions: Greater amounts of nutritional intake received during the first week in the ICU were associated with longer survival time and faster physical recovery to 3 months but not 6 months post ICU discharge in critically ill patients requiring prolonged mechanical ventilation. Current recommendations to underfeed critically ill patients may cause harm in some long-stay patients. (Crit Care Med 2015; 43:1569-1579) Key Words: calories; critical illness; enteral; feeding; intensive care unit; nutrition; parenteral; quality of life T he optimal amount of nutritional intake in critically ill patients remains controversial. Some observational studies have shown that underfeeding or caloric debt is associated with adverse short-term clinical outcomes (1) (2) (3) . In contrast, other studies have suggested better short-term outcomes in patients receiving low caloric intake (4, 5) . Inconsistent findings from observational studies could be due to the use of different statistical methodology to account for duration of exposure to nutrition (6) . When appropriate methodological and statistical techniques were used in a large-scale observational dataset, increased nutritional intake was associated with
The Association Between Nutritional Adequacy and Long-Term Outcomes in Critically Ill Patients Requiring Prolonged Mechanical Ventilation: A Multicenter Cohort Study* a significant reduction in mortality (6) . It has been proposed that patients should receive a minimum of 80% of energy and protein prescribed to them and that this metric could serve as a quality indicator (6) .
In contrast, results from recent randomized trials demonstrate that intentional underfeeding results in better shortterm outcomes (7) (8) (9) . Recent guidelines and expert narrative reviews focusing on the results of the large-scale trials have concluded that underfeeding for the first week of stay in ICU is permissible and even desirable (10, 11) . We posit that these recommendations are based on an inadequate description of the long-term effects of underfeeding, particularly in high-risk patients (12) .
Although many studies have documented the impacts of nutritional intake on short-term outcomes, such as ICUacquired infection and ICU and hospital mortality (1-9), relatively little is known about subsequent long-term outcomes. Understanding how ICU interventions may impact patient long term is essential for making clinical recommendations about dose or amount of feeding in the ICU. Furthermore, as the quality of patient survival is one of the primary goals of intensive care medicine, consideration of health-related quality of life (HRQoL) is important (13) . Two recent clinical trials have examined the long-term effect of nutritional intake in the general critically ill patient population (14, 15) . Arabi et al (14) observed a reduced mortality in the underfed group at 6 months, whereas Needham et al (15) reported no difference in survival and 36-Item Short-Form Health Survey (SF-36) scores between trophic and full feeding at 6 months. As there is limited clinical research investigating the long-term outcomes of nutritional adequacy, this study took a further step to not only examining long-term outcomes but also focusing on high-risk patients, which is a population that is often underrepresented in the clinical trials. The purpose of this study was to examine the relationship between nutritional adequacy and long-term outcomes including 6-month survival and HRQoL in critically ill patients requiring prolonged mechanical ventilation. The a priori hypothesis was that in critically ill patients at high nutrition risk (2, 12) , particularly those who were mechanically ventilated for a long period of time, increased nutritional adequacy is associated with better long-term survival and improved physical aspects of HRQoL.
MATERIALS AND METHODS

Study Design and Population
This was a retrospective analysis on data prospectively collected in the context of a randomized controlled trial (RCT) of glutamine and antioxidants supplementation in critically ill patients (ClinicalTrials.gov number: NCT00133978). The trial was conducted between May 2007 and December 2011 in 40 ICU sites across Canada, the United States, and Europe. Details of the RCT are described elsewhere (16) . Mechanically ventilated adult patients 18 years old and older admitted to ICU who had two or more organ failures related to their acute illness were eligible for the RCT. In the current study, patients were eligible if they were mechanically ventilated and remained in the ICU for more than 8 days, and those who survived to 6 months post ICU admission were considered for HRQoL assessment. The study was restricted to patients with more than 8 days of mechanical ventilation for several reasons: 1) this sample restriction approach has been shown to be one of the most effective method to account for the confounding effect of duration of nutrition exposure by excluding patients who had short stays, received little nutrition, and typically have a good clinical outcome (6); 2) a reasonable amount of exposure time window of nutritional adequacy was needed to look at its long-term effect; 3) restricting to only mechanically ventilated patients minimizes their likelihood of receiving oral feeding in those 8 days which helped to eliminate the possible confounding effect of oral feeding; 4) there is emerging evidence showing that a differential treatment effect of artificial nutrition in different subgroups of ICU patients (i.e., patients with low body mass index [BMI], high BMI, or with prolonged stays) may benefit the most from nutrition therapy (1, 2) . Thus, the length of ICU stay was used as a marker of nutrition risk in this study; 5) finally, 8 days was selected based the time frame of other trials and clinical recommendations (9) (10) (11) . Patients (n = 4) who received at least 110% of prescribed energy were also excluded so as not to confound the effects of overfeeding.
Data Collection and Measurements
The following data collected at ICU admission were extracted from the database of the RCT: age, sex, admission category (medical or surgical), primary admission diagnosis (cardiovascular, respiratory, gastrointestinal, sepsis, and other), BMI, Charlson and Functional Comorbidities Index (17) , Acute Physiology and Chronic Health Evaluation (APACHE) II score (18) , and Sequential Organ Failure Assessment (SOFA) score (19) .
The daily total caloric intake from enteral nutrition (EN), parenteral nutrition (PN), and propofol infusions was collected from ICU admission for a maximum of 28 days, unless ICU discharge or death occurred sooner. Nutritional adequacy was calculated as overall average percentage of calories received from EN, PN, and propofol during the first 8 days of mechanical ventilation in the ICU divided by the amount prescribed. Calculating nutritional adequacy based on only the first 8 days of mechanical ventilation (and not the entire study period) eliminates the overlap in time window of exposure and outcome and potential confounding effect of oral feeding (6) . Nutritional adequacy was categorized into low (< 50%), moderate (≥ 50% and < 80%), and high (≥ 80%). These cut points were selected to address the controversies that exist in the literature between clinical benefit of underfeeding (< 50%) and target feeding (> 80%) and to help with interpretation.
Study patients were followed for a maximum of 6 months from the date of ICU admission. At 3 and 6 months post ICU admission, patients or next of kin were contacted by telephone to record vital status and to administer the SF-36 version 2 questionnaire. The proxy responses were only allowed if the patients were not able to participate due to their health conditions, language barrier, or physically not available after their recovery. Every attempt was made to complete the interview within the timeframe. Reminders were scheduled for 3-and 6-month follow-up for each patient. The SF-36v2, a short-form HRQoL scoring system, is a generic, general health status survey consisting of eight domains including General Health, Physical Functioning (PF), Role Physical (RP), Role Emotional, Social Functioning (SF), Bodily Pain, Vitality, and Mental Health (18) . These domains are summarized into two high-order scales: Physical Component Scale (PCS) and Mental Component Scale (20) . Each domain and summary component is scored from 0 (worst score) to 100 (best score). A change of greater than 5 points for PF and RP domains and greater than 2 points for PCS is considered clinically relevant (20) . The SF-36 has been tested and found to be both valid and reliable in the ICU setting (21) .
Statistical Analysis
Comparisons of patient characteristics between the 3 nutritional adequacy groups were made using the Rao-Scott adjusted chisquare method for categorical variables (22) and the generalized estimating equation model for continuous variable to account for ICU-level clustering (23, 24) . The association between nutritional adequacy and 6-month survival was evaluated using the marginal Cox proportional hazard regression model with robust se approach to account for ICU-level clustering (25) . The models were run without adjustment and adjusting for age, Charlson Comorbidity Index, APACHE II score, baseline SOFA, primary admission diagnosis group, admission category, BMI, and geographic region. These adjustment covariates were selected a priori based on expert opinion. Subgroup analyses by medical and surgical patients were performed, and the interaction between admission category and nutritional adequacy was tested. A priori we postulated that there may be a different treatment effect between medical and surgical patients as medical patients are more likely to suffer from increased comorbidities and a poor baseline physical function and thus more likely to benefit from optimal nutritional intake (26) . To further validate the observations, we repeated the analyses using nutritional adequacy as a continuous variable. For ease of interpretation, nutritional adequacy was converted into a "per 25% increase" scale, as it is a reasonable and achievable quality improvement in caloric delivery (27) .
Among 6-month survivors, we then explored the relationship between nutritional intake and subsequent HRQoL. The PF, RP, and PCS scores of the SF-36 were selected a priori as the primary outcomes of this analysis. PF, RP, and PCS at 3 and 6 months were compared using paired t test. A linear mixed effects model with random ICU effect was used to associate nutritional adequacy to PF, RP, and PCS at 3-and 6-month follow-up (in separate models) using available data. The models were also run without adjustment and adjusting for age, Functional Comorbidity Index, APACHE II score, baseline SOFA, admission category, BMI, and region. Subgroup analyses by medical and surgical patients were performed, and the interaction between admission category and nutritional adequacy was tested.
All statistical analyses were performed using SAS version 9.3 (SAS Institute, Cary, NC). Unless otherwise specified, statistical significance was set at p value of less than 0.05 (two-sided) for all tests. Research ethics approval was obtained from the Health Sciences Research Ethics Board at Queen's University in Kingston, ON, Canada.
RESULTS
Of the 1,223 patients enrolled in the RCT, 475 patients (39%) were mechanically ventilated and remained in ICU for more than 8 days (Fig. 1) . Of those remaining in ICU for more than 8 days, the mean age was 62 years, the mean APACHE II score was 27, and 78% were admitted with a medical diagnosis ( Table 1 ). The baseline characteristics did not differ significantly between the 3 nutritional adequacy groups except for sex, admission category, and primary ICU diagnosis (Table 1 ). Nutritional variables are described in Table 2 . About 84% of the patients received only EN.
Six-Month Survival Analyses
The crude Kaplan-Meier survival curves for each nutritional adequacy group are shown in Figure 2A , with no significant difference in 6-month survival observed between the 3 groups (p = 0.86). However, the difference between groups became significant after adjusting for the covariates (p =0.04) (Fig. 2B) . Results of the Cox regression model are presented in Table 3 . In adjusted analyses, we found that the low nutritional adequacy group had a higher mortality rate compared with the high nutritional adequacy group (adjusted hazard ratio, 1.7; 95% CI, 1.1-2.6). Increasing age, greater comorbidity, and admission category were each independently associated with decreased survival (Table 3) . These results remained when nutritional adequacy was analyzed as a continuous variable (eTable 1, Supplemental Digital Content 1, http://links.lww. com/CCM/B268). Subgroup analysis by admission category in more than 8 days stayers found that the association between nutritional adequacy and longer survival time was exclusive to medical patients (eTable 2, Supplemental Digital Content 1, http://links.lww.com/CCM/B268). However, the interaction between admission category and nutritional adequacy was tested and found not to be statistically significant (p = 0.18).
HRQoL Analyses
Among the 302 patients alive at 6-month follow-up, 158 patients completed the SF-36 at both time points, 66 completed at one time point, and 78 did not complete (Fig. 1) . Proxy respondents completed 20% and 16% of SF-36 assessments at 3-and 6-month follow-up, respectively (Fig. 1) . The characteristics for these 3 groups of patients with different SF-36 completion status are described and compared in eTable 3 (Supplemental Digital Content 1, http://links.lww.com/CCM/B268). None of the characteristics are different by completion status. eFigure 1 (Supplemental Digital Content 1, http://links. lww.com/CCM/B268) shows the mean SF-36 scores for PF, RP, and PCS at 3 and 6 months. The increases in scores for PF, RP, and PCS from 3 to 6 months were statistically significant.
Results of the linear mixed model are presented in Table 4 . At 3-month follow-up, the expected increase in PF and RP score for every 25% increase in nutritional adequacy was statistically significant (adjusted estimate for PF = 7.3, p = 0.02; for RP = 8.3, p = 0.004). At 6-month follow-up, adjusted increases in PF and RP scores for every 25% decrease in nutrition adequacy became smaller and were no longer statistically significant (adjusted estimate for PF = 4.2, p = 0.14; for RP = 3.2, p = 0.25). After adjusting for important covariates, greater nutritional intake tended toward a higher PCS score, but results were not statistically significant (adjusted estimate for 3 mo = 1.8, p = 0.07; for 6 mo = 1.3, p = 0.19). Subgroup analysis by admission category showed significant and clinically meaningful associations between nutritional adequacy and each of the PF, RP, and PCS scores at 3 and 6 months in medical patients but not in surgical patients (eTable 4, Supplemental Digital Content 1, http://links.lww.com/CCM/ B268). The interaction between admission category and nutritional adequacy was tested in each model and found not to be statistically significant (p values for interaction with PF at 3 and 6 mo: 0.10, 0.22; RP at 3 and 6 mo: 0.07, 0.11; PCS at 3 and 6 mo: 0.06, 0.14).
DISCUSSION
In this cohort study, we evaluated the association between nutritional adequacy and long-term outcomes including 6-month survival and HRQoL in critically ill patients with more than 8 days of mechanical ventilation in the ICU. Several important findings have emerged. First, we found that after adjusting for preselected covariates, receiving closer to target caloric prescription as early as the first week of ICU stay is associated with improved 6-month survival. This finding is critical for the second objective in examining HRQoL, as it builds on the inference that is conditional on survival. After the association with survival was carefully considered, the second major finding is that receiving adequate energy in the first 8 days of ICU stay is associated with improved functional aspects of HRQoL among survivors of critical illness at 3-month follow-up, but this association was diminished by 6 months. These findings were consistent whether we treated nutritional adequacy as a continuous or categorical variable or in groups of patients remaining more than 8.
It is notable that the effect of nutrition on 6-month survival only appeared after adjusting for the preselected covariates (Table 3) . Most of the discrepancy between the adjusted and unadjusted model can be explained by a suppressor effect (i.e., negative confounding) caused by admission category. In particular, surgical patients tend to receive substantially lower amount of nutrition yet (17) 34 (19) 38 (17) 10 (16) Obese II (35-40) (%) 42 (9) 15 (8) 23 (10) 4 (7) Obese III (> 41) (%) 58 (12) 18 (10) 35 (15) have much lower mortality rates (25%) compared with medical patients (40%). Thus, even if increased nutrition decreased mortality in both medical and surgical patients, the estimated effect could diminish (or even reverse) when the two admission types are pooled without controlling for admission type. Interestingly, it appeared that the association between increased nutrition and improved outcome was limited to medical patients, and the nutrition effect among medical patients begins to emerge even prior to statistical adjustment (eTable1, Supplemental Digital Content 1, http://links.lww.com/CCM/ B268). Compared with surgical patients, medical patients have more underlying comorbidities, suffer from more decompensation of chronic underlying disease, and have poorer short-term survival (26) . However, the effect difference between medical and surgical patients (interaction between admission category and nutritional adequacy) was not statistically significant, perhaps due to insufficient statistical power. This potential subgroup effect is worth further investigation and consideration in future studies.
There is limited clinical research investigating the effect of nutrition therapy on long-term survival and HRQoL post ICU discharge in critically ill patients. Two studies have examined the long-term effect of nutritional intake in the ICU (14, 15) . In a (26) 47 (26) 62 (27) 14 (23) 0.63
Hospital mortality (%) 151 (32) 58 (32) 75 (32) 18 (29) 13] ; p = 0.76) scores at 12-month follow-up. However, they did observe a trend toward improved 6-minute walk tests in the full-fed group-findings that were consistent with an early observation from the single-center pilot study that patients in the full-feed group were more likely to be discharge home without supportive assistance compared with trophic feed group (7, 15) . It is important to note that this study is different from the Arabi trial and EDEN trial in terms of comparison groups and patient population. A limitation of the study by Arabi et al (14) was that the difference in energy delivery between the study interventions was only about 10%. The target feeding group did not achieve the 90-100% caloric goal as the study intended. In the EDEN trial, all EDEN patients received the benefits of early EN and the trophic feeding group eventually received full feeding after the 6-day period (15) . It is possible that the overall duration of differences in feeding strategies was not long enough to contribute to differences in longterm outcomes.
Finally, the biggest differences between the prior studies and this analysis relate to the nature of the patient populations studied. The EDEN patients were younger (average 52 yr), had a much shorter duration of mechanical ventilation (average 5 d), and had a smaller proportion of medical patients (62%). Similarly, patients in the Arabi trial were also younger (51 yr), had a shorter average duration of mechanical ventilation (12 d) , and APACHE II score of 25.2 ± 7.5, 25.3 ± 8.2 for permissive feeding and target feeding, respectively. As judged by longer average duration of mechanical ventilation (21 d) , the patient population is relatively older (mean, 62 yr) and sicker with average APACHE II score of 26.9 ± 7.1. An emerging body of evidence suggests that not all critically ill patients are the same in terms of their nutrition risk (28, 29) . The patients at high nutrition risk are more likely to benefit from nutrition therapy than others. It has been well-recognized that severity of illness can further impair patients' nutritional status, and these patients need more nutritional intake due to their increased stress metabolism (29) . Thus, this study only focused on the high-risk patients, who are those who were very sick and required prolonged mechanical ventilation. The major strength of this study is that it is the first observational study that evaluated the long-term impacts of nutrition therapy while focusing on nutritionally high-risk patients, a population that was not well represented in the randomized clinical trials. Thus, this study helps to fill the gap in the nutritional benefit of high-risk patients. Another strength of this study is that we used the most robust sample restriction approach by only including patients with a minimum duration of mechanical ventilation in the ICU, which has been shown to be appropriate to avoid the confounding effect of short ICU stays as patients with short ICU stays tend to receive little nutrition and usually have a good outcome (6) . In addition, nutritional data were extracted from an original RCT conducted in multiple ICUs across different countries thus enhancing the generalizability of the findings.
There are several limitations to this study. First, although the study provides evidence for temporality, the causal association between nutritional adequacy and long-term outcomes cannot be definitively established due to the observational nature of the study and the possibility of uncontrolled confounding. Second, many exclusion criteria of the RCT were applied to only include patients who are likely to benefit from the therapeutic intervention for the purpose of the clinical trials. Also, the findings are limited to patients predominantly enterally fed. Thus, the generalizability of the study findings is restricted. Third, a relatively large proportion of patients were lost to follow-up, with as many as 26% of patients not completing any HRQoL assessments. The reasons for loss to follow-up were not systematically recorded, and it is possible that the patients became too sick to follow-up or they may have fully recovered and no longer feel the need to participate in follow-up. Multiple imputation method was implemented by exploring missing data patterns and generating indicator variables for missingness to explore the robustness of the results. Consistent results were obtained after imputation (data available on request), meaning that the missing data did not significantly impact the results. Fourth, the method used for caloric prescription for individual patients was not standardized across ICU sites because there is lack of evidence to determine the best method for estimating energy requirements (30) . Fifth, proxies were used when patients were not available or unable to answer the questionnaire. Proxy respondents completed 20% and 16% of SF-36 assessments at 3-and 6-month follow-up, respectively (Fig. 1) . Rogers et al (31) have tested the reliability and validity of proxy respondents using SF-36 6 months following ICU discharge and concluded that the next of kin are able to give a good proxy assessment of functional aspects of quality of life. However, the use of proxy respondents in HRQoL assessment remains controversial (32, 33) . Sixth, oral feeding was not measured. However, restricting the study population to only mechanically ventilated patients minimized the likelihood that these patients would receive oral intake under the exposure time window. Finally, the focus of this analysis was caloric intake; protein intake was not considered. Typically, the amount of protein and calories is of a fixed ratio, so disentangling the effect of protein versus calories is impossible in observational studies.
The findings are hypothesis generating and may not influence clinical practice. However, the study raises some important issues for nutrition practice as well as future research. From a nutrition practice perspective, the findings suggest that current recommendations to underfeed all ICU patients during the first week may be harmful to long-stay ICU patients.
As it is difficult to predict who will remain in the ICU for a prolonged period, the clinical implications of these findings are that efforts to optimize nutrition delivery will be required in all patients with an understanding that the benefits may be derived only in high nutrition risk patients such as those who require prolonged mechanical ventilation or medical patients (12) . Future studies in critical care nutrition should recognize that not all patients are the same in terms of the benefit they receive from nutrition therapy, thus need to be more considerate of nutritional risk in their design and interpretation. It is also necessary for future clinical research evaluating outcomes of critical care nutrition to incorporate quality-of-life assessments.
CONCLUSIONS
This study has suggested an important relationship between receiving adequate caloric intake as early as the first week of ICU stay and longer survival time as well as faster physical recovery to 3 months but not 6 months post ICU discharge in critically ill patients with prolonged mechanical ventilation. Evidence from well-designed RCTs is required to provide stronger assessment of the causal impact of nutrition therapy on long-term outcomes. In the meantime, current recommendations advocating underfeeding in the ICU during the first week could be harming long-stay ICU patients.
